We evaluated the density-gradient ultracentnfugation method in a swinging-bucket rotor (Anal Biochem 111, 149-157, 1981) in a slightly modified version for isolation and determination of high-density lipoprotein (HDL) subtractions. We prestained the serum with Coomassie Brilliant Blue R, which did not change the hydrated densities of the lipoproteins, and after only 2.2 x 108 gav mm obtained an equilibrium distribution of the lipoproteins along the gradient. The density distribution of the HDL of 120 sera obtained from apparently healthy persons and from patients with different types of hyperlipoprotemnemia was bimodal. The HDL2 could be isolated in the density range 1.072-1.098 kg/L and the HDL3 at 1.100-i .176 kg/L, the latter fraction being more heterogeneous. At a solvent density of 1. In the swinging-bucket rotor procedure, interference by sinking pre-p-lipoprotemnswas minimized because, having hydrated densities between 1.058 and 1.075, they could be removed without aspirating the HDL2. The method is both accurate and precise. For HDL2-and HDL3-cholesterol determined in a thawed frozen serum pool, CV5 were 8.8 and 6.3%, respectively (n = 18).
1.063-1.100), HDL.,, (d 1.100-1.125), and HDL3 (d 1.125-1.21) (6) . Rate flotation in zonal rotors with a three-step density gradient yielded two major subfractions, which could be further fractionated at d = 1.100 (7) . The first fraction was almost homogeneous, whereas the other fraction consisted primarily of particles with an average relative density of 1.140 and, to a lesser degree, 1.160. Recently, with density-gradient ultracentrifugation in swinging-bucket rotors,2 two major subfractions were always found with a relative-density boundary at 1.100 (8) (9) (10) (11) . Thus previous reports on the number of HDL subfractions and their hydrated densities are not at all consistent. Nevertheless, several methods have been described recently (11) (12) (13) for determination of HDL2 and HDL3 in clinical studies. In all these methods ultracentrifugation is performed at d = 1.125. In clinical studies it was shown that the HDL2-chol concentration of subjects who developed clinical coronary heart disease was 32% lower than in controls, while the HDL3 concentration in the patients was only 8% lower (3) . Moreover, other studies revealed that the HDL2-fraction was the variable component and that the HDL3 fraction was relatively constant be the inaccurate definition of the densities at which HDL should be fractionated from HDL3. This may depend on the ultracentrifuge technique. We therefore studied several ultracentrifligation techniques, using density gradient ultracentri#{241}igationin a swinging-bucket rotor and ultracentrifugation at different solvent densities in two different fixed-angle rotors.
Materials and Methods

Sera
Blood was sampled before 10.30 h from 62 apparently healthy persons (20 of whom had fasted overnight) and from 58 overnight-fasted patients representing each of the five types of hyperlipoproteinemia (I to V). Serum was isolated within 2 h, immediately followed by 2Hereafter,
we use "density-gradient ultracentrifugation" to mean density-gradient ultracentrifugation in swinging-bucket rotors.
density-gradient ultracentrifugation according to Terpstra et a!. (10) . Ultracentrifugation in fixed-angle rotors was also begun the same day.
Density-Gradient Ultracentrifugation
In the originally described procedure (10) lipoproteins are prestained with Sudan Black B. After performing preliminary experiments we prefer prestaining with Coomassie Brilliant Blue R (CBBR) as described below, because this dye is water-soluble and results in distinctly colored HDLfractions.
Procedure:
We placed 770 mg of KBr (drying loss at 105 #{176}C: 0.5%) and 50 mg of sucrose in Beckman SW 41 cellulose-nitrate centrifuge tubes (capacity 13.5 mL), then added 2 mL of serum and 20 L of a freshly prepared 15 g/L aqueous solution of CBBR (Sigma no. B-0630). We dissolved the KBr by carefully stirring with a spatula, resulting in a volume of 2.5 mL, and centrifuged the tubes for 2 mm at 1000 x g to remove air bubbles on the memscus. The meniscus of this colored lipoprotein solution just reached calibration mark no. 11. Calibration mark no. 1 was drawn 2 mm from the top of the tube and between the marks 1 and 11, nine other marks are drawn, separated from each other by 7.5 mm.
We overlayered the prestained serum We layered the solutions exactly as described by Terpstra et al. (10) and centrifuged the tubes for 22 h (including 15 mm of acceleration and 45 mm of deceleration) at 40000 rpm (gay 170 000) in the IEC SW41 rotor (no. 488, 6 x 14 mL) and 20#{176}C, in an IEC-B60 ultracentrifuge (DamonJIEC, Needham Heights, MA 02194). In some cases the tubes were ultracentrifuged for 70 h. The buckets and the outside of the centrifuge tubes were dried thoroughly before loading the rotor, because otherwise a vacuum arises, which prevents easy removal of the tubes from the buckets after centrifugation. After centrifugation we photographed the tubes as described (10) and isolated the fractions by means of a rubber-bulb Pasteur pipette. Volumes of the isolated fractions were calculated by weighing, after correction for the average densities. The calculated sum of the volumes in which the VLDL, LDL, and HDL subfractions and the serum proteins were isolated amounted to 98.3 ± 1.6% of the expected volume before ultracentrifugation (n = 12).
When the serum contained visible amounts of sinking pre-f3-lipoproteins (LP-a), we took care not to remove these lipoproteins together with the HDL2 fraction (see Results).
Ultracentrifugation in Two Different Fixed-Angle Rotors
We centrifuged serum in two different fixed-angle rotors.
Initially HDL was subfractionated in the IEC rotor 468, which can contain 20 14-mL tubes. The tube angle is 15#{176} and the g-force ranges from 120 000 at the top to 168600 at the bottom of the tube. Serum was ultracentrifuged at relative densities 1.100, 1.125, and 1.154 in this fixed-angle rotor according to procedures described elsewhere, slightly modified (11-13).
In procedure A1 (13), the HDL-fraction was isolated by heparin-Mn2 precipitation as indicated below. Excess gay min). Serum was also ultracentrifuged at density 1.100 in the IEC fixed-angle rotor 494, which can contain eight 14-mL tubes (the same tubes as for rotor 468). The tube angle in this rotor is 35 #{176}and the g-force ranges from 110 000 at the top to 320 000 at the bottom of the tube. The tube was filled with serum and the serum was stained and diluted with density solutions according to procedure B. We ultracentrifuged the tubes for 25 h at 20#{176}C (3.3 x i08 mm).
Isolation of the Total HDL-Fraction
The HDL-fraction was isolated after precipitating the VLDL and LDL with heparin-Mn2. We added 100 L of sodium heparinate solution (6000 USP units/mL; Organon, Oss, The Netherlands) and 150 ,L of a 2 mol/L MnCl2 solution to 3 mL or serum. We then vortex-mixed the contents thoroughly, incubated for 10 mm, and centrifuged for 15 mm at 12 000 x g at room temperature. This procedure generally yielded a clear total HDL-fractiom, but if it was turbid we performed ultrafiltration as described previously (18).
Analytical Methods
We determined cholesterol by the enzymic catalase method of ROschlau et a!. (19) , using the test kit of Boehringer (no. 124087; Boehringer, Mannheim, F.R.G.). The reagent contained 10 mmol of EDTA per liter. Because of the low cholesterol concentrations we routinely diluted 100 jiL of sample with 5 mL of reagent and performed the analysis according to the directions provided by the manufacturer, slightly modified as described before (20) . Triglycerides were determined by semi-automated colorimetry (21) . For measurement of relative densities and for calibration of the density solutions we used a digital density meter at 20#{176}C (Anton Paar K.G., Graz, Austria) or a pycnometer. Both techniques gave similar results and were accurate to the fourth decimal place.
Statistical Analysis
Student's t-test for paired observations was used to test the differences for significance. The correlations between results obtained with different methods or under different conditions were calculated by using Pearson's correlation test.
Results
Analytical Recovery Experiments after DensityGradient Ultracentrifugation
The sum of the cholesterol content of the various lipoprotein fractions and of the bottom fraction amounted to respectively, independent of the duration of ultracentrifugation.
#{176}Mean (and SD).
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96.2% (SD 3.2%, m = 40) of that in the original serum prior to the ultracentrifligation. It proved essential that, especially with regard to the analysis of hyperlipidemic sera, traces of VLDL be washed well from the pincet used to remove the tubes from the buckets; otherwise, recoveries are slightly lower (between 92.3 and 94.8%) due to loss of VLDL. The cholesterol content in the bottom fraction containing the serum proteins and VHDL appeared to be low and rather constant in these freshly analyzed samples, amounting to 0.11 mmol of cholesterol per liter (range 0.04-0.16 mmolJL, n = 40). These fractions are strongly stained, but apparently the color does not interfere with the cholesterol determination because each determination is corrected for its own blank. Also, the good recoveries of the total of cholesterol in the fractions point to the absence of interference of the dye with the cholesterol assay.
Profile of the Density Gradient in the Tubes
We determined the proffle of the density gradient formed during density-gradient ultracentrifi.igation of 2 mL of serum during 22 h or 70 h in the SW 41 rotor. Subsequently, we removed 0.5-mL fractions from top to bottom and determined their non-protein densities. Figure 1 
Time Necessary to Reach Equilibrium in the Density Gradient
We compared results obtained after density-gradient ultracentriftigation for 22 h or 70 h (Figure 2) . After 70 h of ultracentrifi.igation the LDL were concentrated slightly more towards the top than after 22 h, but the same subdivision into two HDL fractions was obtained in either case. Furthermore, the HDL could be recovered in the same fractions. After 70 h of ultracentrifugation the LDL and HDL2 bands were slightly less sharp and the separation between the HDL2 and HDL3 bands was slightly less clear than after 22 h. After 22 h and after 70 h of ultracentrifugation we isolated the HDL2 and HDL3 fractions between the marks 6-7V4 and 7'/4-10V2 in depth and compared their cholesterol contents. The results are given in Table 1 . Results for both ultracentrifugation times agree well; correlation coefficients (r) of 0.94 and 0.95 were obtained. HDL2-chol isolated after 70 h of ultracentrifugation was slightly higher than after 22-h ultracentrifugation (p = 0.005, Table  1 ), but the HDL3-chol values did not differ significantly (p = 0.27).
Influence of the Dye Procedure on the Hydrated
Densities of the Lipoproteins in the Density Gradient
We compared for six sera, by visual inspection, the hydrated density of the lipoprotein classes stained either with Sudan Black B (15) or with CBBR. Although the lipoproteins, especially the HDL, prestained with Sudan Black B were less intense, the same pattern could be seen and all lipoprotein classes in a given serum had the same hydrated densities independent of the dye used.
We also compared for three sera the hydrated densities of the lipoproteins not stained or prestained with CBBR. The unstained VLDL and LDL had hydrated densities comparable with the stained ones. Unstained HDL subfractions were, however, not visible in the gradient, and the influence of staimng on the density of HDL could not be seen and thus could not be compared. Therefore, we isolated 0.5-mL fractions sequentially down the tube and determined cholesterol in all fractions. Figure 3 shows results of a representative experiment out of a series of six.
Isolation of the HDL Subfractions on the Basis of Colored Band Distributions in the Density Gradient
Using 120 sera obtained from apparently healthy subjects and from patients with hyperlipoproteinemia with a large range in the total HDL-chol concentration, 0.24 to 2.0 mmoll L, we determined the density distribution of the colored bands representing the HDL2 and HDL3. Frequently, the HDL2 band was not clearly visible, whether in serum from patients or serum of apparently healthy persons with low values for total HDL-chol.
When it was visible, the I{DL2 fraction had a density between 1.078 ± 0.005 and 1.091 ± 0.005 (n = 41, range 1.072-1.098), whereas HDL3 could be isolated between the densities 1.110 ± 0.010 and 1.146 ± 0.010 (n = 120, range 1.100-1.176).
In most sera the color intensity of the HDL3 fraction was not homogeneously distributed over the volumes in which this lipoprotein fraction was isolated. The color was usually most intense between relative densities 1.105 and 1.135. This could best be seen in serum with above-normal values of total HDLchol (Figure 4) .
Sinking Pre-/3-Lipoproteins
In seven sera (comprising 6% of the sera from the normal persons and from the patients analyzed), sinking pre-f3-lipoproteins were visible as a sharp band with a relative density between 1.058 to 1.075. In these cases we took great care not to isolate these lipoproteins together with the HDL2, which usually had broader boundaries, when visible, and which were recovered for the greater part in the fraction with some higher density. In none of the sinking pre-f3 positive sera was the HDL visible, and the cholesterol concentration in the HDL2 fraction, not contaminated by sinking pre-/3-lipoproteins, ranged from 0.05 to 0.11 mmol/L.
Precision of the Density-Gradient Ultracentrifugation
Method in the Swinging-Bucket Rotor
We analyzed serum from two patients with a rather low total HDL-chol concentration, in sextuplicate and on the same day. After aspirating the different lipoproteins we determined the cholesterol concentration of the fractions We also determined the between-day precision of the method, using a fresh serum poo1 which had, after pooling, been stored in small aliquots at -20 #{176}C for 10 days or longer. We ultracentrifuged the serum after thawing it almost twice a month (18 times) during seven months and determined the cholesterol concentrations of the different lipoprotein fractions. After approximately three months some constituent in the serum pool had apparently denatured, because the density-gradient tubes contained almost stable flakes at the meniscus, which explains the high CV we found for determination of VLDL chol. As a result of the freezing-and-thawing procedure, HDL2 and HDL3 bands were slightly less sharply visible as compared with fresh serum. Therefore, the CVs found for HDL2-chol and HDL3-chol (8.8 and 6.3%, respectively) are possibly slightly overestimated. However, the colored-band distributions of the LDL, HDL2, and HDL3 fractions remained stable during the time this frozen-thawed serum pool was used and no trend in the HDL2-chol and HDL3-chol values during this time was observed ( Figure 5 ). Thus, use of a frozen serum pool seems valid. Our CV for the determination of LDL-chol was only 3.7% (n = 18). Therefore, we think that the homogeneous blue coloration is caused by a low-molecularweight CBBR complex.
Accuracy of Results Obtained by
We isolated some of the lipoprotein-free fraction in the middle of the ultracentrifuged solvent, to evaluate the density, which appeared to be 0.004 ± 0.001 higher than the densities 1.100, 1.125, or 1.154 desired in the procedures A11, B, or C11.Similar densities were found in procedures A1 or A11and in procedures C1 or C11.
We also determined the density distribution, if any, in the tubes from top to bottom. For this purpose we ultracentrifuged d
1.006 solution in the same manner as serum according to procedure B (mean density desired is 1.100). After ultracentrifugation we isolated 1-mL fractions from the top to the bottom of the tube. It can be seen ( Figure 6 ) that there was almost no redistribution of salt during ultracentrifugation in this 468 rotor for 2.8 x i0 gav mm. respectively (ranges for the six sera) . Thus, the HDL3-chol values obtained at the same density were again higher when total serum instead of total HDLfraction was used. After correction for the amount of cholesterol that we usually could account for in the d > 1.21 fraction obtained by density-gradient ultracentrifugation (0.11 mmollL), the amounts of HDL-chol present in these d > 1.154 fractions isolated in the fixed-angle rotor are even lower, almost negligible.
Accuracy of Results Obtained by Ultracentrifugation
in Fixed-Angle Rotor 494 at Solvent Density d = 1.100
Results for serum ultracentrifuged according to procedure B in fixed-angle rotor 494 differed greatly from those obtained in the fixed-angle rotor 468. Six sera with a large range in total HDL-chol concentrations were ultracentrifuged. After ultracentrifugation we observed a discontinuous array of three to four colored bands along the tube from top to bottom. The VLDL and LDL were visible in the top layer. In some tubes these colored lipoproteins could be isolated in the top 0.5-mL fraction, in other tubes in no less than 2.5 mL. Thus, when rotor 494 was used, the VLDL and LDL were not so concentrated in the top layer as when rotor 468 was used. Moreover, in the sera with above-normal HDL-chol values we noticed a blue band in the fraction approximately 2 to 3 mL from the top, which represents the HDL2. The HDL2 were not always completely separated from the VLDL + LDL fraction. In the fourth and fifth milliliter from the top, another blue fraction was visible, representing the HDL3. This was consistently well separated from the HDL2, but not always completely separated from the serum proteins, which were concentrated in the last 0.5 mL. These results indicate that during ultracentrifugation a density gradient is formed and we therefore determined the density distribution. We ultracentrifliged the d = 1.006 solution in the same manner as serum according to procedure B (mean density desired is 1.100). After ultracentrifugation, we again isolated fractions of about 1 mL from top to bottom of the tube and measured their actual volumes and mean densities. A rather linear gradient was found, ranging from approximately 1.065 at the top to approximately 1.140 at the bottom of the tube ( Figure   6 ). As indicated before, the HDL2 and the HDL3 colored bands were completely resolved; therefore we aspirated the VLDL together with the LDL and most of the HDL2 fraction. The clear layer between the HDL2 and HDL3 bands, approximately centered between the top and bottom fractions obtained from the six sera, was pooled. Its density amounted to 1.1003 ± 0.0002. The six sera were also ultracentrifuged in the swinging-bucket rotor and also, according to procedure B, in fixed-angle rotor 468. Table 4 gives the results obtained for HDL3-chol by these different ultracentrifugation techniques at the density boundary 1.100.
Discussion
The density-gradient ultracentrifugation method described by Terpstra et al. (10) appears to be an accurate method for isolation and determination of HDL subfractions. After an ultracentrifugation of only 22 h (approximately 2.2 x 108 av mm) the HDL of freshly collected serum had separated into two fractions. This could clearly be seen after simple prestaining of the sera. This method for determination of HDL2-chol and HDL3-chol was also reasonably precise.
We could show that prolonging the ultracentrifugation from 22 h to 70 h did not result in a better separation; Having analyzed the HDL from 120 fresh sera obtained from normal subjects and patients with different types of hyperlipoproteinemia, we found that the hydrated density distribution of both subfractions was constant and independent of the type of hyperlipoproteinemia.
The HDL lipoproteins of one fraction had a density distribution between 1.072 and 1.098 and the lipoproteins of the other fraction had one between 1.100 and 1.176. Thus the latter fraction is more heterogeneous. Indeed, in most sera the color intensity of the latter fraction was not homogeneously distributed over the volume at which the lipoproteins were isolated. The fraction with a density between 1.110 and 1.135 was in most cases more strongly colored than the rest. This indicates that the fraction with density between 1.100 and 1.146 consists of a mixture, a prominent amount of lighter and a smaller amount of heavier particles that could not be separated further by the method used. Our data concerning the density pattern of HDL agree well with those found by Patch et al. (7) , who used rate flotation in zonal rotors. They found a rather homogeneous I{DL2 fraction and a heterogeneous HDL3 consisting of a major component with relatively less-dense particles (HDL3L) and a minor component with relatively denser particles (HDLSD). HDLSL and HDL3D could not be separated from each other in a single run. Our results concerning the presence of two prominent HDL subfractions with a density limit at d = 1.100 are also in agreement with those of others using density-gradient ultracentrifl.igation in swinging-bucket rotors (8-10). However, based on results obtained by analytical ultracentrifugation (3, 5) it is assumed that the two major HDL subfrac- Our own results show that the redistribution of salts is much larger in a fixed-angle rotor with a large tube angle. In such a rotor the separation between HDL2 and HDL3 was just complete after 3.3 X iO av mm and only because we had stained the lipoproteins could we accurately obtain the HDL2 and HDL3 fractions. Our results also show that ultracentrifugation at d = 1.100 results in distinct HDL subfractions, which might be expected to simulate physiological actuality more closely than do HDL subfractions obtained at a solvent density of 1.125. Within certain undefined limits this seems independent of the choice of the swinging-bucket or the fixed-angle rotors.
Anderson et al. (6, 24) reported that HDL consisted of three fractions with density boundaries at d = 1.100 and 1.125. However, the density boundary at d = 1.100 was sharper than that at d = 1.125. Therefore we do not consider our results and those of Patch et al. (7) to be in disagreement with those of Anderson et al.
We found almost negligible amounts of HDL-chol in the d > 1.154 fraction by ultracentrifugation in a fixed-angle rotor, at least when corrected for VHDL-chol. Having combined these results with those obtained by density-gradient ultracentrifugation, we conclude that the upper density limit of HDL3 can be fixed at d = 1.176 instead of the 1.210 or 1.225 usually used. This seems independent of the use of fixed-angle or swing-out rotors.
From the literature on HDL heterogeneity, including the report of Blanche et al. (26), it becomes clear that the nomenclature used for the several HDL fractions is rather confusing. Several different names have been given to the same subfractions, and the same names are used for different fractions. Therefore, the nomenclature should be standardized. We consider the lack of standardization for the subfractionation of HDL2 from HDL3 by different methods at various density limits as one of reasons for the large interlaboratory variation in "normal values." With the fixed-angle rotor we found twice as large HDL3-chol values when a solvent density of d = 1.100 was used instead of fractionation at a solvent density of 1.125, and the ratio HDL2-cholJHDL3-chol obtained at d = 1.100 was about a third that at d = 1.125. Another reason may be the use of too short ultracentrifuge runs in fixed-angle rotors, which makes the level at which the tube is sliced of great importance for the accurate separation of HDL2 from HDL3. This problem can be overcome by performing longer runs and by prestaining the serum. A third reason may be the use of either total serum or HDL fraction isolated by heparin-42+ precipitation. For unknown reasons we always obtained higher HDL3-chol and thus lower HDL2-chol values when we used HDL pre-isolated by heparin-Mn2 precipitation instead of total serum in the fixed-angle rotor.
